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Abstract 
Insulin has a wide variety of biological effects. One of them is a mitogen-like activity whereby cell proliferation is 
stimulated. In this study we found a heretofore unreported insulin-elicited transient apoptosis of glioma cells. When 
serum-starved glioma cells were fed with a fresh regular medium, in the 6- to 12-h post-starvation period, the growth rate as 
determined by cell number was significantly suppressed by insulin, although cell cycle progression and DNA synthesis were 
actually accelerated. Increase in apoptosis in those growth-retarded cultures was demonstrable by Hoechst staining, 
detection of histone-associated DNA fragment, and in situ cell death detection. Apoptosis occurred among cells in all stages 
of cell cycle. After 24 h post-starvation, i sulin increased the total cell number like a typical growth-promoting mitogen. In 
this regard, IGF-1, but not EGF nor TGF-[M, behaved like insulin. 
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1. Introduction 
Apoptosis is a physiological form of cell death 
accomplished by the fragmentation of nucleus and 
cytoplasm into membrane-coated apoptotic bodies 
which are rapidly cleared by neighbouring cells 
through phagocytosis [1.,2]. Apoptosis is recognized 
as an important regulatory process of the develop- 
ment of the immune and nervous systems, which 
allows the orderly elimination of incompetent cells 
without any detriment to the tissues involved as is 
often found in necrosis [2,3]. Inadequate apoptosis 
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may lead to tumour formation [4] and development of 
autoimmune disorders [5,6]. Several triggering mech- 
anisms of apoptosis in different cell systems have 
been identified. For example, exposure to chemother- 
apeutic agents, irradiation or stimulation through sur- 
face molecules uch as Fas have been shown to 
activate the apoptotic program in susceptible target 
cells [7-9]. 
Many growth factors can play dual roles as a 
mitogen as well as a survival factor. Withdrawal of 
some growth factors induces apoptosis in several cell 
types, which is especially pronounced in those cells 
which require these growth factors for survival and 
proliferation [10,11]. In quiescent cultures, growth 
factors maintain cell viability even at a very low 
concentration [12]. It is believed that cells cease to 
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suppress a constitutive death pathway in the absence 
of such growth-stimulating si nals [13]. On the con- 
trary, some growth factors may also activate apopto- 
sis in specific target cells. For instance, TGF-[3 could 
induce the terminal differentiation and apoptosis in 
urothelial [14] as well as hepatoma cells [15]. 
Insulin has been shown to stimulate the growth 
and differentiation of neuronal cells and is an impor- 
tant growth factor for tumour formation in the central 
nervous ystem [16,17]. In the optimal culture condi- 
tion, insulin stimulates glucose uptake and prolifera- 
tion of glioma cells [18,19]. To the best of our 
knowledge, it has not been shown that insulin is able 
to promote proliferation as well as trigger apoptosis 
of the same cell line though in different circum- 
stances. In this study we demonstrated that insulin 
and IGF-1 have the ability to induce both apoptosis 
and proliferation. When glioma cells were starved in 
low serum medium, which was then replaced with 
fresh regular medium, their growth in the early post- 
starvation phase was suppressed by these two growth 
factors. A subpopulation of cells were triggered to die 
at this time, while the growth of the other was 
promoted. 
USA), or TGF-[31 (Boehringer Mannheim GmbH, 
Germany) at concentrations of 5 ~g/ml ,  10 ng/ml,  
100 ng/ml,  or 1 ng/ml. The number of viable cells 
was determined atintervals by trypan blue exclusion. 
Statistical significance (P > 0.05) was calculated by 
the one-tailed Student's test. Data were presented as 
means _+ standard eviation. 
2.2. [ 3H]Thymidine incorporation 
Five thousand cells in 100 ill medium were seeded 
into a well of 96-well plate, allowed to attach to the 
plate for 24 h and then starved for 24 h. The 0.1% 
serum medium was then replaced with a regular 
medium containing [3H]thymidine at a concentration 
of 1 p~Ci/100 ~l/well .  Cells from each well were 
harvested at intervals and collected on glass filter 
paper. The radioactive materials on the filter paper 
were counted by Direct Beta Counter (Packard, 
MATIxTM 9600; Canberra Company, USA) and pre- 
sented as counts per minute. 
2.3. Hoechst staining 
2. Materials and methods 
2.1. Cell culture 
Human gliomas U-373MG and U-118MG cells 
were obtained from the American Type Culture Col- 
lection (Rockville, MD, USA). Cells were maintained 
in DMEM (Gibco Laboratories, NY, USA), supple- 
mented with 20% fetal calf serum, 1% penicillin and 
1% fungizone, and incubated at 37°C in a humidified 
atmosphere (5% COa). They were harvested by 
trypsinization and centrifugation. Serum starvation of 
culture cells was performed by first allowing them to 
attach to the culture plate for 24 h in a regular 
medium. The medium was replaced with 0.1% 
FCS/DMEM and cells were incubated further for 24 
h. To assay the effects of growth factors, cells were 
grown post-starvation i  fresh regular medium with 
insulin (Boehringer Mannheim GmbH, Germany), in- 
sulin-like growth factor-1 (IGF-1; Gibco Laborato- 
ries, NY, USA), EGF (Gibco Laboratories, NY, 
Cells were grown and treated on a poly-L-lysine- 
coated slides directly. After fixation by 
methanol:acetone (30:70, v /v)  for 15 min at room 
temperature, DNA was stained for 30 min with 0.1 
Ixg/ml bisbenzimide H33258 solution. Fluorescent 
DNA-dye complexes were observed under a fluores- 
cence microscope with 340/380 nm excitation filter. 
About 200-300 cells in 10 independent fields were 
counted. 
2.4. Detection of histone-associated DNA fragments 
Cells were harvested at 6 or 12 h post-starvation 
by centrifugation at 1000 × g for 10 min. They were 
lysed in 0.1% Triton X-100 buffer for 30 min at 4°C. 
The lysates were cleared by centrifugation at 10000 
× g for 10 min. The apoptosis-specific nucleosomal 
DNA fragments in supernatant were measured by the 
Cell Death Detection ELISA (Boehringer Mannheim 
GmbH, Mannheim, Germany) according to the manu- 
facturer's description. The amount of DNA fragments 
is revealed by OD405_490. 
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2.5. In situ cell death detection 
Cells were fixed with 4% formaldehyde/PBS for 
1 h, then permeabilized in 0.1% Triton X-100 buffer 
for 2 rain at 4°C. Subsequently, they were incubated 
with the terminal deoxynucleotidyl transferase 
(TdT)-mediated dUTP-fluorescein (FITC) end label- 
ing mixture [20,21]. TdT catalyses the addition of 
FITC-dUTP at free 3'-OH end in single- and double- 
stranded DNA. After washing the cells three times 
with PBS, the FITC incorporated atthe damaged sites 
of the DNA was analy;,ed by flow cytometry. Side 
scatter and forward scatter were determined simulta- 
neously. Identical gating was applied to all test cell 
population, resulting in the analysis of 104 cells per 
condition. 
ber. The percentage of cells at different stages was 
compared. 
To detect he cell cycle state of apoptotic ells, 
single-cell suspensions were first prepared as de- 
scribed above for in situ cell death detection. Cells 
were then rinsed in 0.1% Triton X-100 in PBS and 
resuspended in FACS buffer containing 0.5% BSA, 
0.02% sodium azide, and 200 txg/ml RNase in PBS. 
Cells were stained with propidium iodide and ana- 
lyzed by FACScan analyzer as described above. 
3. Resu l ts  
3.1. Effect of insulin on the growth of glioma cells 
after serum starvation 
2.6. Cell cycle analysis 
About 1 X 10 6 cells from each serum-treated group 
were fixed in 70% ethanol in PBS at 4°C for 16 h. 
After RNase digestion, cells were stained with pro- 
pidium iodide (400 ixg/ml) and analyzed by a FAC- 
Scan analyzer (Becton Dickinson, Baltimore, MD, 
USA) to include 5000 viable cells per tube with 
excitation set at 488 rim. Data were presented as 
histograms of relative fluorescence v rsus cell num- 
By direct subculture into fresh media without serum 
starvation, glioma cells grew faster in media with 
insulin supplement (Fig. 1B). After a 24-h serum 
starvation treatment, cells were counted at 6, 12, 24 
and 48 h post-starvation. The growth of U-373MG 
cells between 6 and 12 h post-starvation was sup- 
pressed about 15% by insulin (Fig. 1A and Fig. 2) 
and that of U-118MG about 20% of the control 
(P < 0.05). The floated cells were less than 1.5% of 
total cells at this time. However, by 24 h post-starva- 
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Fig. 1. Effect of insulin on the growth of gliomas. U-373MG cells were starved in 0.1% FCS/DMEM for 24 h (A). After replacement 
with fresh regular medium, cells number was determined at intervals. The relative increase of cells is defined as the total cell number of 
each culture over and above the number as initially seeded cells. The growth curve of cells without starvation is shown in panel B. 
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tion, cultures with insulin had higher cell number 
than those without (Fig. 1B). The U-373MG cells 
were the more sensitive of the two to this inhibitory 
effect, being clearly affected at 0.1 txg/ml insulin, 
while U-118MG cells were relatively tolerant and 
remained unaffected up to a dose as high as 0.5 
p~g/ml (Fig. 2). 
3.2. Effects of lGF-1, EGF and TGF-[31 
The IGF-1, EGF and TGF-131, were also tested for 
their effects on the growth of serum-starved glioma 
cells (Fig. 3). Only IGF-1 showed the same effect as 
insulin in reducing the cell number at 13 h post-star- 
vation and then promoted the growth after 24 h. 
TGF-[31 did not alter the cell growth significantly but 
could inhibit it after 24 h. EGF did not affect the cell 
growth for 13 h but promoted it after 24 h post-star- 
vation. 
3.3. DNA synthesis and cell cycle progression of 
insulin-treated cells 
DNA synthesis of U-373MG cells was evaluated 
by measuring its ability to incorporate [3H]thymidine. 
After being fed with fresh regular medium with or 
without insulin, cells were harvested at 1, 3, 6 and 9 
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Fig. 2. Dose effect of insulin. U-373MG and U-118MG cells 
were starved then fed with medium supplemented with insulin at 
the concentration of 0.I I~g/ml, 0.5 ~g/ml  or 5 Ixg/ml. The 
inhibitory effect of insulin is shown by the decrease in cell 
number of the total cell number of control. Values shown are the 
means of results obtained in two independent triplicate experi- 
ments. 
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Fig. 3. Effect of IGF-1, EGF and TGF-[31 on the growth of 
glioma cells. U-373MG cells were treated as described in the 
legend to Fig. 1, but grown in media containing IGF-1, EGF, or 
TGF-131 at concentrations of 10 ng/ml,  100 ng/ml,  or 1 ng/ml.  
The effects of different growth factors are shown by the increase 
or decrease in cell number of total cell number of control. Values 
shown are the means of results obtained in two independent 
triplicate xperiments. 
h to determine the incorporated radioactive materials. 
As shown in Fig. 4, insulin increased significantly the 
DNA synthesis of the cells at 6 h post-starvation. 
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Fig. 4. Analysis of DNA synthesis by measuring [3H]thymidine 
incorporation. Cells were grown in a 96-well plate and labelled 
by [3H]thymidine as described in Section 2. Cells were harvested 
at l, 3, 6 or 9 h by trypsin-EDTA treatment and collected on 
glass filter paper. Radioactivity in the cell materials were ex- 
pressed as counts per minute. 
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We then examined the effect of insulin on the cell 
cycle progression of U-373MG cells (Fig. 5). By 
starvation in 0.1% serura for 24 h, about 76.6% of 
cells accumulated in G0/G1 phase; 7.45% in S phase 
and 11.7% in G2/M phase. At 20 h post-starvation, 
more cells reached G2/M phase in the presence of 
insulin; 48.5% for insulin treated cells versus 40.5% 
for control. When okadaic acid was used to block the 
slipping of cells from G2/M to G1 phase, about 
47.7% of cells reached G2/M phase at 12 h in the 
presence of insulin, while only 41.1% of control 
group reached this phase. 
3.4. Induction of apoptosis in serum-starved cells 
Having noticed the decrease in cell number in the 
presence of insulin, we examined the cell morphol- 
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Fig. 5. Cell cycle analysis. U-373MG cells, grown in fresh medium for 0 hour (A), 20 h (B and C) or in medium with okadaic acid for 12 
h (D and E), were fixed in 70% ethanol in PBS at 4°C for 16 h. The medium used for C and E was supplemented with 5 Ixg/ml insulin. 
After RNase digestion, cells were stained with propidium iodide (400 ixg/ml) and analyzed by a FACScan analyzer. Histograms 
represent the DNA content versus cell number. Percentage of cells at different stages is indicated. 
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ogy and counted the membrane-damaged cells. After 
being fed with fresh medium, cells stained with 
trypan blue increased gradually to about 5% at 12 h 
and 7.8% at 24 h in insulin-supplemented medium, as 
compared to 3% and 5.1% in the control at the 
respective time period. However, after 48 h post- 
starvation, the insulin effect had disappeared. 
By staining with H33258 dye we found some 
fragmented nuclei with blebbing and budding charac- 
teristic of apoptotic ells (Fig. 6). Fig. 7 shows the 
quantitative changes of apoptotic ells in culture at 6 
and 12 h post-starvation. At 6 h post-starvation, more 
than 17% of the cells showed typical apoptotic fea- 
tures in the presence of insulin. However, at 12 h 
post-starvation, the number of apoptotic cells de- 
creased in the presence of insulin. On the contrary, 
the percentage of apoptotic ells in cultures without 
starvation always kept below 6%. After replacement 
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Fig. 7. Effect of insulin on the formation of apoptotic ells after 
transfer to regular media. Cells of either prior serum-starved or
not were transferred to fresh regular medium, the apoptotic ells 
were determined atintervals by Hoechst staining as described in 
Section 2. Values shown are the means of two independent 
experiments. 
A) B) 
with fresh medium for 6 h, a reduction of apoptotic 
cells to as low as 2% in the presence of insulin. 
We tried but failed to identify the soluble DNA 
fragments by gel electrophoresis combined with 
c) D) 
Fig. 6. Apoptotic cells stained with H33258 dye. U-373MG cells 
were starved in 0.1%FCS/DMEM for 24 h then grown in 
insulin-containing re ular medium for 6 h. After fixation with 
methanol/acetone (30:70, v/v), cells were stained with H33258 
(0.1 ixg/ml) for 30 min. (A) Phase-contrast photograph of 
U-373MG cells showing typical stellate morphology. Bar, 200 
p,m. (C) Cells of the same field as (A) were visualized under 
fluorescence microscopy. Note the appearance of some com- 
pacted, fragmented nuclei n those cells (arrowheads). (B) phase- 
contrast photomicrograph of a single putative apoptotic ell with 
intact cytoplasmic structure (arrows) and blebbed, fragmented 
nucleus. Bar, 400 )xm; (D) fluorescence photograph of (B). 
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Fig. 8. ELISA of the histone-associated DNA fragments. U- 
373MG cells were starved in 0.1% FCS/DMEM for 24 h. After 
being fed with fresh regular medium, cells were harvested at 
intervals and the histone-associated DNA fragments were deter- 
mined using the cell death ELISA. The O.D. value of cells just 
after serum starvation is taken as 1. Values shown are the means 
of two independent triplicate xperiments. 
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ethedium bromide staining (data not shown). Thus, 
two more sensitive methods of measuring cell death, 
ELISA (Fig. 8) and in situ cell death detection (Fig. 
9), were used to evaluate the quantity of apoptosis. 
When cells were fed with fresh medium without 
insulin supplement, the histone-associated DNA frag- 
ments decreased in reverse proportion to the increase 
in cell number with time. Reduction in DNA frag- 
ments was not observed in the presence of insulin. By 
insulin treatment, the amount of DNA fragments 
reached its maximum at 12 h post-starvation before it 
began to decline. Apoptotic ells were also analyzed 
by in situ incorporation of FITC-dUTP by TdT. Just 
after serum starvation, few cells were labeled with 
FITC-dUTP (Fig. 9A). The incorporation of FITC- 
dUTP into cells increased significantly at 12 h post- 
starvation; about 4.9% (Fig. 9B) of the cells in 
control had the intensity higher than the arbitrary 
value of FL1 > 280, and this cell population in- 
creased to about 21.9% upon insulin treatment (Fig. 
9C). At 36 h post-starvation, these insulin-induced, 
and highly FITC-labelled cells decreased to a level 
lJ 
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FLI> 280: 4.9% B t ! FLI> 280: 21.9% 
i 
"k !i, 
C 
IImLL 8Lmt~ 
~QQa 48~ ~QQ G~B Gt R~G~ 4Qm ~Q~ GQ~ 
PlTC-dU'rP intensity ~ FTTC-dUTP intensity 
ii I~ FLI> 280: 5.4% D 
FITC-dUTP intensity 
FL I> 280:  2.7% E 
RBQ 4QB ~ e~ 
FITC-dUTP intensity 
Fig. 9. Detection of the apoptosis-associated DNA strand breaks using the in situ terminal deoxynucleotidyl transferase assay. U-373MG 
cells were starved in 0.1% FCS/DMEM for 1 day. After being fed with fresh media for the time period as indicated below, cells were 
fixed, permeabilized, then labelled with FITC-dUTP by TdT. Cells of B and D were grown in 20% FCS/DMEM, and cells of C and E 
were grown in 20% FCS/DMEM supplemented with 5 p~g/ml insulin. A: just after serum starvation; B and C- grown for 12 h; D and E: 
for 36 h. 
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lower than that of the control; 2.4% in insulin-treated 
culture and 5.4% in the control. 
3.5. Apoptotic ells and cell cycle 
responded more quickly to this factor than insulin. At 
6 h post-starvation, more highly FITC-labelled cells 
appeared by the IGF-1 treatment and apoptotic ells 
were not restricted to any specific cell stage. 
To determine the cell cycle stage in which apopto- 
sis took place, cells were double-stained with FITC- 
dUTP/TdT and propidium iodide, then analyzed by 
FACScan analyzer as described above (Fig. 10). Af- 
ter having grown for 12 h post-starvation in a regular 
medium, insulin increased the FITC-dUTP incorpora- 
tion in cells distributed among all cell stages. The 
IGF-1 had shown a similar effect and U-373MG cells 
4. Discussion 
When glioma U-373MG and U-118MG cells were 
simply subcultured in a fresh medium, insulin speeded 
up their growth rates, confirming previous observa- 
tions of the growth-promoting action of insulin 
[19,22]. However, when cell were starved in 0.1% 
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Fig. 10. Analysis of the cell cycle of apoptotic ells. Cells were fixed, permeabil ized and incubated in the presence of exogenous terminal 
transferase and FITC-dUTP fol lowed by staining with propidium iodide. The dot plots represent the distribution of  individual cells with 
respect o their DNA content and FITC-dUTP incorporation. Cell populations at G0/G1 and G2/M phase are indicated. The intensity of 
labelling with FITC-dUTP is presumed to correlate with the number of DNA strand breaks per cell. (A and C) the serum-starved 
U-373MG cells were grown in DMEM/20%FCS for 12 h or 6 h, (B) in DMEM/20%FCS/ insu l in  medium for 12 h, (D) in 
DMEM/20%FCS/ IGF- I  medium for 6 h. 
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serum, the cell growth in the period of 6- to 12-h 
post-starvation was significantly suppressed by in- 
sulin to 15-20% of the control. This retarded growth 
was not due to the slowing down of the cellular 
metabolism. On the contrary, the cell cycle progres- 
sion as well as DNA synthesis were accelerated. Loss 
of cells through floating process is also unlikely; the 
number of floated cells at this time was less than 
1.5% and could not account for the 20% growth 
reduction. Notably, dead cells increased in number in 
the cultures with insulin. By examining cells with 
various parameters such as morphological changes, 
histone-associated DNA fragments and in situ DNA 
strand breaks labeling, it became clear that apoptosis 
with DNA damage was increased in those cultures 
with a low cell number. 
Cells directly subcultured without prior serum star- 
vation had few apoptotic bodies. Morphologically, a 
significant increase (to 15-20%) in a cell population 
in serum-starved culture: showing apoptotic features 
was observed first at 6 h post-starvation in the pres- 
ence of insulin. These insulin-triggered apoptosis 
ebbed very quickly; after 12 h the number dropped to 
2% of total cells, indicating that those apoptotic ells 
lost their integrity very rapidly and became indistin- 
guishable from necrotic ells, although abundant DNA 
damages were still detected at this time. In addition, 
the insulin-associated suppression on cell growth van- 
ished after 24 h post-starvation. By this time, the total 
number of the cells cultured in the presence of insulin 
had bounced back to the level above that of control. 
It appears that the insulJ,n-dependent apoptosis could 
be detected only within a narrow window in time. 
After that the concomitant signal of proliferation 
became more predominant than that of apoptosis. 
It should be noted that in our system only about 
15-20% of cells underwent apoptosis as judged by 
Hoechst staining. This level of DNA fragmentation in 
those cells could be difficult to visualize with less 
sensitive methods uch ;as gel electrophoresis, which 
explains why DNA fragments were undetectable with 
this technique in our study. This result is in agree- 
ment with that found in the Fas-activated apoptosis of 
human glioma cells in which less than 20-30% rela- 
tive degree of DNA fragments could be detected in a 
cell population uniformly undergoing apoptosis [9]. It 
is also possible that serum starvation plus insulin 
treatment triggered a distinct apoptotic pathway with- 
out generating small DNA fragments. For example, 
the damages might feature extensive single-stranded 
nicking with rare double-stranded breaks, much like 
the situation reported in the serum-deprived culture 
of Balb/c 3T3 fibroblasts [23] staurosporine-treated 
Molt-4 cells [24] or cytotoxic T-lymphocyte-induced 
death [25]. 
IGF-1 behaved like insulin toward suppressing the 
growth of serum-starved cells and inducing DNA 
breaks at this stage. There are many other physio- 
logical similarities between IGF-1 and insulin. The 
receptor for IGF-1, which belongs to the tyrosine 
kinase-coupled type has an amino acid sequence sim- 
ilar to that of insulin receptor. [26,27]. The similari- 
ties in the signal transduction i duced by insulin and 
IGF-1 have also been established [19,28]. Besides, at 
a high concentration, i sulin can bind to IGF-1 recep- 
tor and vice versa. At present we cannot distinguish 
which of the two or whether both receptors mediated 
apoptosis ignal. On the other hand, the lack of the 
ability for EGF and TGF-[31 to suppress the growth 
of glioma cells during this early growth phase is not 
attributable to the absence of their receptors on the 
cell surface. EGF and TGF-[31 have been docu- 
mented as strong and active mitogens for glioma cells 
and receptors for these two growth factors on these 
cells have been shown to be expressed and functional 
[29,30]. We conclude, therefore, that the signal to 
trigger apoptosis observed under our experimental 
conditions hould be insulin- and IGF-l-specific. 
At present, little is known about which cells under- 
went apoptosis in our culture system. Similar to the 
observation made with serum-deprived PC12 cells 
[31], the insulin-induced apoptosis occurred through- 
out the cell cycle of U-373MG cells. It must be 
stressed that, in our hands, without prior starvation 
the apoptosis rarely occurred. This strongly indicates 
that serum starvation had probably altered the physio- 
logical status of some cells in such a way that they 
had become susceptible to apoptosis induced by in- 
sulin or IGF-1. On the other hand, it has been 
suggested that agents that cause cell growth can 
support he starting of proliferation but at the same 
time set the death program in motion in terminally 
differentiated cells [32,33]. We cannot rule out the 
possibility that starvation had facilitated further dif- 
ferentiation of U-373MG and U-118MG cells, which 
then died in attempting to re-enter the cell cycle as 
92 B.-C. Yang et al. / Biochimica et Biophysica Acta 1314 (1996) 83-92 
suggested by Rubin [34]. However, the degree of 
differentiation could not have been the sole reason 
why those apoptotic ells were destined to die, be- 
cause the same serum-starved cells survived and grew 
well in the presence of EGF, or a regular medium. 
Collectively, our results indicated that insulin and 
IGF-1 are able to turn on growth or death program in 
glioma cells. 
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